A total of 53 strains of onion thrips, Thrips tabaci Lindeman, were established, of which 14 strains were collected from persimmon fruit and 39 strains from a vetch weed, Vicia angustifolia, in commercial persimmon orchards in Wakayama Prefecture. Susceptibility to insecticides was evaluated by the Petri dish-spraying tower method. Pyrethroid-resistant strains and pyrethroid-susceptible strains of T. tabaci were found in persimmon fruit. The LC 50 values of cypermethrin and fluvarinate of the pyrethroid-resistant strain were Ͼ240 ppm and Ͼ800 ppm, respectively, with resistance ratio of Ͼ200; however, no significant differences were observed between the two strains in the susceptibility to the other five insecticides, including organophosphates and neonycotinoids. There was a wide range of variability in mortality from 1.1 to 100% caused by cypermethrin at 60 ppm (LC 50 values from 0.390 ppm to 177 ppm) in T. tabaci collected from vetch in 5 different persimmon orchards. Regional difference was detected in the proportion of the pyrethroid-resistant strain: up to 67% of the strains collected from Naga where some orchards had been heavily applied with pyrethroids, compared to 17% of the strains collected from Kawahara where organophosphates and neonycotinoids had been applied.
INTRODUCTION
Onion thrips, Thrips tabaci Lindeman, is distributed worldwide and has been regarded as a major pest of onion, leek and cabbage (Imai et al., 1988; Tommacini and Maini, 1995; Shelton et al., 1998) . Recently, the occurrence of T. tabaci on other vegetable and fruit crops, such as asparagus and mandarin orange, has been reported (Tsuchiya, 2002; Fujikawa and Muta, 2003; Murai, 2004) . In addition, outbreaks of thrips were observed in persimmon orchards, Diospyros kaki L., in Wakayama Prefecture in 1999 and 2000 (Morishita and Oue, 2001) . Thrips, mainly the larvae, caused a bronze color on the surface of 'Tonewase' persimmon fruit during August to September, resulting in premature fruit drop when severely infested.
Failure to control with pyrethroids on T. tabaci in persimmon orchards suggested that thrips had developed pyrethroid resistance (Morishita and Oue, 2001) ; however, there are few reports on the susceptibility of T. tabaci against insecticides (Shelton et al., 2003) , although the efficacy of insecticides has been determined (Mayer et al., 1987; Shimizu et al., 1994; Nishimori et al., 2003; Shibao and Tanaka, 2003) .
Since T. tabaci is thelytoky and a preliminary study revealed that a thrips population in persimmon orchards contained individuals with a wide range of tolerance to pyrethroids, each strain was separately established for each female. The susceptibility of T. tabaci strains collected not only from persimmon fruit but also from weeds in persimmon orchards was determined with special attention to pyrethroids, because T. tabaci reproduced on weeds in persimmon orchards throughout the year (Morishita, 2005) .
MATERIALS AND METHODS
Thrips sources. Adult female and larvae of T. tabaci were collected from persimmon fruit in a commercial orchard in Momoyama (M), Kinokawa, Wakayama Prefecture in August 29, 2001 . M contained 14 strains, including M2 and M6. Thirtynine adult females were collected from a vetch weed, Vicia angustifolia var. segetalis L. in five persimmon orchards in April 19, 2002 , by clipping shoots which contained adult females into plastic containers. Five containers were collected in each orchard. Five study orchards (areas) were as follows: Hirora, Kudoyama (KD); Shibuta, Katsuragi (SB); Nategami, Naga (H); Suibara, Kinokawa (RM); Kawahara, Kinokawa (K). KD, SB, H, RM and K contained 2, 5, 12, 8 and 12 strains, respectively. Each strain was established from each female and was reared for 2-4 generations at 23°C by the method of Murai and Loomans (2003) using germinated broad bean, Vicia faba L. to obtain a sufficient number of test insects. Forty adult females were collected from a commercial onion field, Allium cepa L., in Suibara, Kinokawa on May 3, 2002 and were reared as a population (ON) on germinated broad bean. The adult body color of all strains collected from persimmon fruit and vetch was yellowish brown and that of the females collected from onion was black.
Chemicals. Nine pyrethroids and five other commercially available insecticides were used: cypermethrin 6% WP, permethrin 20% WP and fenpropathrin 10% EC from Sumitomo Chemical Co., Ltd.; methidathion 36% WP and cyhalothrin 5% WP from Syngenta Japan Co., Ltd.; fluvalinate 20% WP and acrinathrin 3% WP from Nihon Noyaku Co., Ltd.; tralomethrin 1.4% F and acetamiprid 20% SP from Nippon Soda Co., Ltd.; silafluofen 20% WP from Bayer Crop Science Japan Co., Ltd.; bifenthrin 2% WP from Agro-Kanesho Co., Ltd.; acephate 50% WP and cartap 75% SP from Takeda Pharmaceutical Co., Ltd.; alanycarb 40% WP from Otsuka Pharmaceutical Co., Ltd.
Bioassay. Five female adults were transferred using a hair brush onto a leaf (3ϫ4 cm) of kidney bean (Phaseorus vulgaris L. var. 'Hatsumidori 2') floating on 0.5% agar gel in each plastic Petri dish (80 mm in diameter and 25 mm in height). A lid with a 3-cm diameter hole in the center covered with a piece of gauze (80 mm) was placed over the dish. The Petri dishes were kept at 23°C with a photoperiod of 16L-8D. Females were allowed to lay eggs for 2 days and removed thereafter.
Insecticides were diluted with tap water containing 5,000-fold spreader (Gramine ® ). A Petri dish, which contained 30-60 larvae 2 to 3 days after hatching, was sprayed with 6 ml of insecticide through a spraying tower (Mizuho Co., Ltd.) at a pressure of 0.2 kg/cm 2 . The Petri dishes were then kept under the same condition as described above. To calculate LC 50 , four to five serial dilutions were tested. One experiment consisted of 3-4 replicates at each concentration. Tap water was sprayed as a control.
Mortality was checked at 24 h after treatment. The criterion for mortality was the inability of thrips to walk normally when lightly prodded with tweezers. Mortality was corrected by mortality with the control water using Abbott's formula (Abbott, 1925) . Data from all batches were pooled and subjected to probit analysis for each concentrationmortality experiment (Bliss, 1935) .
RESULTS

Of 14
T. tabaci strains collected from persimmon fruit in a commercial orchard in Momoyama, mortality by cypermethrin was 100% in three strains but very low in eleven strains. M2 and M6 were selected as pyrethroid-susceptible and pyrethroid-resistant strains, respectively. There was a clear contrast in mortality between the two strains; all nine pyrethroids achieved 100% mortality in M2 and very low mortality in M6 (Table 1) . Table 2 shows the susceptibility of M6, M2 and ON to seven insecticides. The LC 50 values with cypermethrin and fluvalinate of M6 were much higher than those of M2; the resistance ratio of M6 to M2 was more than 200. No differences were observed in the susceptibility to the other five insecticides between two strains (resistance ratio ranging 0.87-1.96). The LC 50 values with methidathion and cartap of both strains were higher (more than 100 ppm) than those with acephate, alanycarb and acetamiprid. M2 strain was slightly tolerable to all insecticides tested, compared with the ON population (the ratio of M2 to ON ranged from 1.5 to 5.0). Table 3 shows the toxicity of cypermethrin to the strains collected from vetch in 5 orchards. There was a wide range of variability in mortality of the 39 strains from 1.1 to 100% caused by cypermethrin at 60 ppm. Responses of the 8 representative strains to cypermethrin were as follows: LC 50 values of 0.390-0.639 ppm for H53 and K21 (100% mortality at 60 ppm), 16.5-18.6 ppm for SB5 and H52 (69.6-78.0%), 66.6-177 ppm for KD4, H51, RM5 and K15 (Ͻ35%). Pyrethroid-resistant strains (Ͻ50% mortality at 60 ppm of cypermethrin) existed in all orchards except for SB strains. A regional difference was detected in the proportion of pyrethroid-resistant strains: 67% (8/12) for H strains from Naga was significantly higher than 17% (2/12) for K strains from Kawahara (pϽ0.05, c 2 test). No difference in susceptibility to methidathion and acetamiprid was found among KD4, SB5 and K21 strains, which had different resistance to cypermethrin.
DISCUSSION
T. tabaci is an extremely polyphagous species which infests about 300 plant hosts, including wild plants (Imai et al., 1988; Tommacini and Maini, 1995) . Doederlein and Sites (1993) reported that T. tabaci exhibited a consistent preference for weeds, Amaranthus palmeri and Salvia sp., in onion fields. In persimmon orchards, thrips maintained their population on weeds throughout the year, overwintering on biennial weeds such as henbit, Lamium amplexicaule L., chickweed, Stellaria neglecta Weihe, and vetch, V. angustifolia, and then reaching a population peak on these weeds during May and June (Morishita, 2005) . Although the density of T. tabaci on weeds dropped very low in July, the thrips infested persimmon fruit from August through mid-September (Morishita, 2005) ; therefore, adult thrips are likely to fly from weeds to fruit in persimmon orchards. A field test clarified low efficacy of pyrethroids against T. tabaci infesting persimmon fruit (Morishita and Oue, 2001 ). The present study confirmed that T. tabaci developed resistance to pyrethroids and exhibited cross resistance to pyrethroids in a spraying bioassay (Table 2 ). Resistance to pyrethroids has been reported in western flower thrips, Flankliniella occidentalis (Pergande) (Immaraju et al., 1992; Zhao et al., 1995; Morishita, 2001) , citrus thrips, Scirtothrips citri (Moulton) (Immaraju and Morse, 1990) , yellow tea thrips, S. dorsalis Hood (Kawai, 1997) and melon thrips, Thrips palmi Karny (Morishita, 1997) . Immaraju and Morse (1990) and Immaraju et al. (1992) reported that mixed function oxidases were largely responsible for the resistance to pyrethroids in F. occidentalis and S. citri. The mechanism of resistance to pyrethroids in T. tabaci has not been studied yet, although it is speculated that T. tabaci possesses a similar mechanism to these thrips species.
There have been few reports on the susceptibility of T. tabaci except for some chlorinated hydrocarbons (Richardson and Wene, 1957) , and T. tabaci is considered to be a pest insect easily controlled by insecticides. Recently, however, there has been a growing number of reports on T. tabaci resistant to insecticides (Nishimori et al., 2003; Shelton et al., 2003; Shibao and Tanaka, 2003; Iwasaki et al., 2005) , mainly because of control failure. Pyrethroids showed high efficacy against thrips on asparagus in Hyogo Pref. and welsh onion in Hokkaido (Shimizu et al., 1994; Iwasaki et al., 2005) , whereas they showed low efficacy against thrips on green onion in Kanagawa Pref., persimmon in Wakayama Pref. and welsh onion in Osaka Pref. (Morishita and Oue, 2001; Nishimori et al., 2003; Shibao and Tanaka, 2003) . In contrast, organophosphates and neonycotinoids were effective against the populations resistant to pyrethroids (Morishita and Oue, 2001; Nishimori et al., 2003) , but were not effective against the populations that remained susceptible to pyrethroids (Shimizu et al., 1994; Iwasaki et al., 2005) . Thus, there is an apparently negative relationship between the resistance level to pyrethroids and that to organophosphates and neonycotinoids, although the difference in susceptibility between these populations might depend on crops and regions in which they occurred due to a difference in the insecticides applied. Toda and Murai (2007) conducted molecular phylogenetic analysis of T. tabaci based on the sequences of the mitochondrial cytochrome oxidase gene subunit I (COI). Two strains, M2 and M6, and the ON population in the present study correspond to WaMo (haplotypes 15 and 16) and WaKo (haplotype 14) in Toda and Murai (2007) , respectively. They speculated that haplotype 14 is the most common type distributed in Japan while haplotypes 15 and 16 are likely to originate overseas because they have been found in both Japanese and overseas populations. The present study revealed that there was a large difference in susceptibility to pyrethroids between M2 (haplotype 15) and M6 (haplotype 16) with no difference in susceptibility to organophosphates and neonycotinoids, and that ON were more susceptible to insecticides than these two strains (Table 2) . Although the relationship was clarified between haplotypes and susceptibility to insecticides in the populations collected from persimmon and onion, more populations have to be studied for an overview of the relationship between the two traits in T. tabaci. Growers used organophosphates and neonycotinoids as scheduled applications in most persimmon orchards in Wakayama Pref. In infested persimmon orchards in the Naga area, however, some growers intensively sprayed pyrethroids before the outbreaks of T. tabaci in 1999, because pyrethroids were toxic to stink bugs, Plautia crossota stali Scott and Glaucias subpunctatus (Walker), and persimmon fruit moth, Stathmopada masinissa Meyrich. The present study described a regional difference in the proportion of pyrethroid-resistant strains in populations (Table 3) . Sixty-seven percent of H strains collected from Naga, where some orchards had been heavily applied with pyrethroids, were resistant to cypermethrin, compared to only 17% of K strains collected from Kawahara, where organophosphates and neonycotinoids had been applied. This suggests that selection by multiple applications of pyrethroids leads to an increased proportion of pyrethroid-resistant thrips, resulting in failure to control T. tabaci with pyrethroids; however, further investigation is needed to clarify the change in the proportion of females resistant to pyrethroids with increased application.
Decreased fruit injury has been reported in infested areas since persimmon growers replaced pyrethroids with organophosphates or neonycoti-noids as scheduled spraying insecticides, based on the results of Morishita and Oue (2001) . However, since T. tabaci populations on weeds in persimmon orchards contained individuals resistant to pyrethroids (Table 3) , there still is a future possibility of T. tabaci outbreaks in orchards; therefore, growers should spray pyrethroids when necessary. In addition, reflective plastic mulch is recommended as another countermeasure, because it prevented the invasion of adult T. tabaci effectively, and reduced the percentage of damaged persimmon fruit (Morishita, 2007) . Tsuchiya et al. (1995) also found that reflective sheets decreased the infection of S. dorsalis on satsuma mandarin fruit.
